Control over crystal structures is one of the key challenges in the synthesis of functional inorganic nanostructures[@b1][@b2][@b3]. Polymorphism is commonly observed in II--VI, III--V, IV and transition metal oxide semiconductor nanocrystals[@b4][@b5][@b6][@b7][@b8]. The crystal structure of semiconductor nanocrystals is often dictated by experimental factors such as the reaction temperature[@b5] and pressure[@b4][@b8], solvent system[@b9], the interaction between crystal nuclei and capping agents[@b10] and crystal size[@b5][@b7]. Although the polymorphs of a particular semiconductor show the same chemical composition, their physical properties may significantly differ from each other[@b3][@b6]. For example, the band gap of wurtzite SiC is 3.33 eV, which is much larger than that of the zinc-blende counterpart (2.39 eV; ref. [@b6]). Different from semiconductors, the structural tuning of noble metals still remains challenging, especially for nanostructures synthesized using wet-chemical methods. As known, the functional properties of metal nanostructures are closely related to their crystal structures[@b11][@b12]. For instance, face-centred tetragonal FePt nanoparticles (NPs) demonstrate a superior catalytic activity and durability for oxygen reduction reaction compared with the common face-centred cubic (*fcc*) counterparts[@b11]. Recently, it was reported that hexagonal close-packed (*hcp*) Ru NPs with size of less than 3 nm are much more catalytically active towards CO oxidation compared with the *fcc* Ru NPs with the similar size[@b12]. Therefore, it is of paramount importance to achieve the phase-controlled synthesis of metal nanostructures.

Gold (Au) nanostructures have received extensive attention because of their attractive properties for many applications including biosensing, catalysis, surface-enhanced Raman scattering and biomedicine[@b13][@b14][@b15]. Decades ago, well-dispersed Au NPs were obtained by reduction of HAuCl~4~ with sodium citrate[@b16]. After that, various methods, such as the porous aluminium anodic oxide-directed hard-templating approach[@b17], surfactant-driven soft-templating synthesis[@b18] and seed-mediated growth[@b19], have been developed to synthesize various anisotropic Au nanostructures, for example, rods[@b18][@b19], plates[@b20][@b21], wires[@b17][@b22][@b23][@b24], ribbons[@b25] and polyhedra[@b26][@b27]. However, almost all the Au nanostructures reported so far crystallize in the common *fcc* structure. In contrast, the non-*fcc* polytypes of Ag, such as hexagonal 2H and 4H with a characteristic stacking sequence of 'AB\' and 'ABCB\' along their close-packed directions, respectively, have been obtained with different synthetic methods such as high-pressure direct current magnetron sputtering[@b28] and porous aluminium anodic oxide-assisted electrochemical deposition[@b29][@b30][@b31][@b32]. It was found that 4H Ag showed 130 times greater in-plane resistivity and much stronger surface plasmon absorption compared with the common *fcc* Ag[@b32]. Different with Ag, the 4H polytype of Au has not been discovered so far. Very recently, for the first time, our group reported the wet-chemical synthesis of pure *hcp* (2H type) Au square sheets[@b33], which inspires the exploration of new polymorphs of Au and study of their structural modulation.

Here we report the high-yield colloidal synthesis of hexagonal 4H Au nanoribbon (NRB), another new metastable phase of Au. We observe that the 4H structure of Au NRBs can be transformed to the *fcc* structure on ligand exchange under ambient conditions. In addition, the existence of well-developed surface plasmon resonance (SPR) on a single 4H Au NRB is demonstrated using monochromated electron energy-loss spectroscopy (EELS). It is further demonstrated that 4H hexagonal phase of Ag, Pd and Pt can be readily stabilized through direct epitaxial growth of these metals on our 4H Au NRB surface.

Results
=======

Synthesis and characterization of 4H Au NRBs
--------------------------------------------

The Au NRBs were prepared by heating the mixture of HAuCl~4~, oleylamine, hexane and 1,2-dichloropropane in a closed glass vial at 58 °C for 16 h (see Methods for details). The obtained Au NRBs with length of 0.5--6.0 μm and width of 15.0--61.0 nm are confirmed using the transmission electron microscope (TEM) images ([Fig. 1a,b](#f1){ref-type="fig"} and [Supplementary Fig. 1](#S1){ref-type="supplementary-material"}). The thickness of the Au NRBs is estimated to be 2.0--6.0 nm from TEM images of their folded edges ([Supplementary Fig. 2](#S1){ref-type="supplementary-material"}), which is further confirmed using atomic force microscopy (AFM) imaging ([Supplementary Fig. 3](#S1){ref-type="supplementary-material"}). Scanning TEM-energy dispersive X-ray spectrum (STEM-EDS) reveals that the chemical composition of as-prepared NRBs is pure Au ([Supplementary Fig. 4](#S1){ref-type="supplementary-material"}). The surface of Au NRBs is capped by the oleylamine molecules, as evidenced using the X-ray photoelectron spectroscopy analysis ([Supplementary Fig. 5](#S1){ref-type="supplementary-material"}). Note that the use of 1,2-dichloropropane is essential for the synthesis of Au NRBs. Without the addition of 1,2-dichloropropane, only twinned *fcc* Au NPs and very small amount of ultrathin Au nanowires (NWs) were obtained ([Supplementary Fig. 6](#S1){ref-type="supplementary-material"}).

The as-prepared Au NRB crystallizes in an unprecedented 4H hexagonal polytype (space group P6~3~/mmc), as corroborated using the selected area electron diffraction (SAED) pattern taken along the \[110\]~4H~ zone axis ([Fig. 1c](#f1){ref-type="fig"}), which exhibits diffraction spots of the (004)~4H~, and planes. The SAED pattern and corresponding TEM image of an Au NRB reveal that it grows along the \[001\]~4H~ direction ([Fig. 1b,c](#f1){ref-type="fig"}). To further confirm the 4H structure of Au NRBs, the X-ray diffraction pattern of the Au nanostructures, deposited on a glass substrate, was also collected. The obtained X-ray diffraction pattern clearly showed four prominent peaks located at 36.2°, 37.4°, 40.9° and 79.7°, which can be assigned to the (100)~4H~, (101)~4H~, (102)~4H~ and (202)~4H~ planes of 4H Au, respectively ([Supplementary Fig. 7](#S1){ref-type="supplementary-material"}). Simulated unit cell parameters of 4H Au are *a*=2.866 Å and *c*=9.662 Å ([Fig. 1f](#f1){ref-type="fig"}). The other peaks located at 38.2°, 44.3° and 77.6° are from the coexisting *fcc* Au NPs, that is, the by-products obtained during the synthesis of Au NRBs ([Supplementary Fig. 1](#S1){ref-type="supplementary-material"}). Note that the peak at 64.8° is attributed to both (110)~4H~ and (220)~f~ planes as their lattice spacing is equal. The aberration-corrected high-resolution TEM (HRTEM) images show that the 4H structure extends from the centre to the edge region of a typical Au NRB ([Fig. 1d,e](#f1){ref-type="fig"}), which has been further identified with the simulated HRTEM image ([Supplementary Fig. 8](#S1){ref-type="supplementary-material"}). On the basis of these observations, crystal structure models (top and side views) of an Au NRB are proposed, illustrating the characteristic stacking sequence of 'ABCB\' along the close-packed \[001\]~4H~ direction ([Fig. 1g](#f1){ref-type="fig"}).

Formation mechanism of 4H Au NRBs
---------------------------------

In order to understand the formation mechanism of 4H Au NRBs, time-dependent experiments were conducted at intervals of 4 h, and the intermediate products were examined using TEM ([Supplementary Figs 9 and 10](#S1){ref-type="supplementary-material"}). At the reaction time of 4 h, ultrathin Au NWs (1.4--2.0 nm in diameter) were formed ([Supplementary Fig. 9a](#S1){ref-type="supplementary-material"}), which then grew into ribbon-like structures with width increased to 2.8--5.2 nm at the reaction time of 8 h ([Supplementary Fig. 9b](#S1){ref-type="supplementary-material"}). With further increase in reaction time, the width of the Au NRBs continued to increase to 8.0--20.0 nm ([Supplementary Fig. 9c](#S1){ref-type="supplementary-material"}) and 15.0--61.0 nm ([Supplementary Fig. 9d](#S1){ref-type="supplementary-material"}) at 12 and 16 h, respectively. Earlier studies have suggested that the formation of ultrathin Au NWs may be driven by the soft-templating effect of one-dimensional polymer structures, which were assembled from (oleylamine)AuCl complex molecules via the aurophilic interaction[@b22][@b24][@b34]. In the present work, the evolution of the ultrathin Au NWs into Au NRBs is also likely assisted by the polymeric template. In addition to the morphological change, that is, from the ultrathin NWs to NRBs, the transformation of the crystal structure is also observed. The ultrathin Au NWs as indicated using HRTEM image ([Supplementary Fig. 10a](#S1){ref-type="supplementary-material"}) contain hexagonal 2H domains together with random stacking faults, which is also confirmed in our previous study[@b35]. As the Au NWs grew and started to adopt the ribbon-like morphology with width of 2.8--5.2 nm ([Supplementary Fig. 9b](#S1){ref-type="supplementary-material"}), 4H domains started to appear ([Supplementary Fig. 10b](#S1){ref-type="supplementary-material"}). When the width of Au NRBs further increased to 8.0--20.0 nm ([Supplementary Fig. 9c](#S1){ref-type="supplementary-material"}), 4H Au NRBs were successfully obtained ([Supplementary Fig. 10c](#S1){ref-type="supplementary-material"}).

Previously, the 2H (with a stacking sequence of AB) to 4H phase (with a stacking sequence of ABCB) transformation has been observed in materials such as TiCr~2~ via shear-induced formation of regular stacking faults[@b36]. In addition, the 2H-to-4H transition induced by thermal energy was also observed in the transformation of PbI~2~, whose 4H phase is more stable than the 2H phase at the transition temperature[@b37]. Similarly, the transformation of 2H ultrathin Au NWs to 4H Au NRBs could also be driven by their energy difference, since previous theoretical calculations predicted that 4H Au is relatively more stable than 2H Au because of its larger cohesive energy per atom[@b30].

Ligand exchange-induced phase transformation of 4H Au NRBs
----------------------------------------------------------

The 4H structure of Au NRBs is metastable, and can be transformed to the *fcc* structure on the exchange of surface-capped amine molecules with thiol molecules under ambient conditions ([Fig. 2](#f2){ref-type="fig"}). Typically, the ligand exchange was conducted by vortex-mixing the Au NRB solution and a fresh 1-dodecanethiol solution for 5 min. The thiol-treated Au NRBs were analysed using STEM-EDS, which indicated the presence of sulfur in the obtained product and thus confirmed the occurrence of the ligand exchange ([Supplementary Fig. 11](#S1){ref-type="supplementary-material"}). The structure of thiol-treated Au NRBs is found to be *fcc*, which is proven by the SAED pattern taken on the highlighted area in [Fig. 2a](#f2){ref-type="fig"}, showing the square lattice pattern along the \[001\]~f~ zone axis ([Fig. 2b](#f2){ref-type="fig"}). The (001)~f~-oriented *fcc* structure is further verified using the SAED pattern taken along the \[013\]~f~ zone axis, obtained by tilting the Au NRB around the \[200\]~f~ axis by 18.2°, which matches well with the theoretical angle of 18.4° between \[001\]~f~ and \[013\]~f~ zone axes ([Fig. 2c](#f2){ref-type="fig"}). HRTEM images further reveal the (001)~f~-oriented *fcc* structure with lattice spacing of 2.0 Å for {200} planes ([Fig. 2d--f](#f2){ref-type="fig"}). [Figure 2g](#f2){ref-type="fig"} and [Supplementary Fig. 12](#S1){ref-type="supplementary-material"} schematically demonstrate the thiol-induced phase transformation of Au NRB from the original (110)~4H~-oriented 4H to the (001)~f~-oriented *fcc* structure. Different from the commonly observed *hcp*-to-*fcc* phase transformation in metals that proceeds by motion of partial dislocations on the close-packed planes and results in the formation of stacking faults/twins[@b38], the phase transition of Au NRBs might arise from the flattening of the planes (indicated by the rectangle in the left image of [Fig. 2g](#f2){ref-type="fig"}), which is similar to the wurtzite-to-rock salt transition occurring in some semiconductor nanocrystals under high pressure, such as GaN and CdSe (refs [@b4], [@b39]). Previous studies suggested that thiols and other sulfur-containing molecules can induce surface reconstruction of metals, especially favouring the generation of overlayers with high coordination numbers, such as *fcc*(100) that contains a square hollow site[@b40]. In addition, spherical Pt NPs were observed to transform to Pt nanocubes enclosed by {100}~f~ facets in the presence of H~2~S at 500 °C (ref. [@b41]). Therefore, the ligand-induced phase change of Au NRBs under ambient conditions is likely driven by the particularly strong and unique interaction between Au and S (refs [@b40], [@b42]).

Monochromated EELS study of an individual 4H Au NRB
---------------------------------------------------

Single 4H Au NRB was further examined using the monochromated EELS in TEM ([Fig. 3a](#f3){ref-type="fig"}, see Methods for details). The STEM-EELS measurement was performed by raster-scanning a focused electron beam with diameter of 1--2 nm in a rectangular region that included a single 4H Au NRB. The interaction of electron beam with the conduction electrons in Au NRB generated the localized SPR, which provided a fingerprint of the optoelectronic property of Au NRB. [Figure 3b](#f3){ref-type="fig"} shows the EELS spectra of a single Au NRB collected from different positions (that is, I, II, III and IV), a few nanometres next to the Au NRB, as indicated in [Fig. 3g](#f3){ref-type="fig"}. Two distinct SPR peaks were observed in all EELS spectra, that is, 0.82 and 1.75 eV at position 'I\', 0.52 and 1.72 eV at position 'II\', 0.36 and 1.93 eV at position 'III\' and 0.27 and 1.94 eV at position 'IV\'. The SPR peaks of the Au NRB at different excitation positions that appeared at low and high energy can be attributed to the eigenmodes longitudinally and transversely polarized with respect to the NRB geometry, respectively[@b43]. There is a remarkable red shift for the dominant SPR peak from excitation position 'I\' to position 'IV\'. As there is not any optical data available for 4H Au NRBs, density functional theory (DFT) calculations were used to determine the dielectric function of a 4H Au thin film ([Fig. 3c,d](#f3){ref-type="fig"}, see Methods for details). In DFT modelling, we define the to be *x* direction, \[001\]~4H~ to be *y* direction and \[110\]~4H~ to be *z* direction ([Fig. 1c,f](#f1){ref-type="fig"}). The 4H Au thin film is assumed to have 4 nm in its *y* direction and stack indefinitely in its *x* and *z* directions. The dielectric function of 4H Au thin film and that of *fcc* Au (obtained from literature, ref. [@b44]) show different features in the perpendicular direction to the thin film (that is, the *yy* direction). Such difference comes from surface atoms with the formation of plasma frequency at low frequency. The contribution of surface atoms to the dielectric function is smaller with increasing of thin film thickness[@b45]. A red shift for the primary SPR peak from excitation position 'I\' to position 'IV\', which is consistent with the experimental result ([Fig. 3b](#f3){ref-type="fig"}), was also observed in our finite-element-method (FEM) simulation of plasmon excitation with an electron beam ([Fig. 3e](#f3){ref-type="fig"}, see Methods for details). Note that the Palik\'s frequency-dependent dielectric function, obtained from *fcc* Au (ref. [@b44]), was also used in our FEM simulations to benchmark the difference of optical response between 4H Au and *fcc* Au ([Fig. 3f](#f3){ref-type="fig"}). As compared with *fcc* Au ([Fig. 3f](#f3){ref-type="fig"}), the optical response of 4H Au thin film shows a smaller number of SPR peaks in the range of 0--2.5 eV and red shift for all SPR peaks from position 'I\' to position 'IV\' ([Fig. 3e](#f3){ref-type="fig"}). The experimental EELS maps further reveal that low-order harmonic resonances were formed using low-energy SPR eigenmodes and the harmonic order increased with the SPR energy ([Fig. 3h](#f3){ref-type="fig"}). The critical insight gained here is that the simulations with DFT-calculated optical constants of 4H Au followed more closely to the trend of experiments. Since the optical responses of 4H Au and *fcc* Au are distinctive in terms of position and magnitude of SPR peaks, it is reasonable to conclude that the structure tuning of Au can significantly alter its optical properties.

Synthesis of 4H hexagonal structures of other noble metals
----------------------------------------------------------

Significantly, the as-prepared 4H Au NRBs can serve as the substrates for the epitaxial growth of other noble metals with the similar 4H structure stabilization. For instance, Au\@Ag NRBs were synthesized by reduction of AgNO~3~ with oleylamine in the presence of Au NRBs (see Methods for details). The ribbon shape is well preserved after the deposition of Ag on the surface of Au NRBs ([Fig. 4a,b](#f4){ref-type="fig"}). The chemical composition of Au\@Ag NRBs is examined using STEM-EDS, giving an average Au/Ag atomic ratio of 1.0/1.7 ([Supplementary Fig. 13](#S1){ref-type="supplementary-material"}). High-angle annular dark-field-STEM (HAADF-STEM) images of a typical Au\@Ag NRB and the corresponding STEM-EDS elemental maps indicate the uniform distribution of Au and Ag ([Fig. 4f--h](#f4){ref-type="fig"}), which is further confirmed using the STEM-EDS line scanning analysis ([Supplementary Fig. 14](#S1){ref-type="supplementary-material"}). Interestingly, the SAED pattern of a typical Au\@Ag NRB shows the \[110\]~4H~ zone pattern together with streaks along the \[001\]~4H~ direction, suggesting the coexistence of 4H and *fcc* structures with stacking faults and twins present along the \[001\]~4H~/\[111\]~f~ direction ([Fig. 4c](#f4){ref-type="fig"}). This indicates that the deposition of Ag on the surface of Au NRB led to the transformation of the original 4H Au to 4H/*fcc* polytypic structure. Such a structure was also confirmed using the selected-spot dark-field TEM analysis ([Supplementary Fig. 15](#S1){ref-type="supplementary-material"}). HRTEM images of a typical Au\@Ag NRB further prove the intergrowth of 4H and *fcc* phases ([Fig. 4d,e](#f4){ref-type="fig"}), where the lattice fringes coherently extend from the centre to the edge of the Au\@Ag NRB, indicating the epitaxial relationship between the Au core and the Ag shell ([Fig. 4e](#f4){ref-type="fig"}). Moreover, most importantly, the 4H phase of Ag is stabilized through this epitaxial growth process. Similarly, polytypic 4H Pd and Pt can be stabilized via the same epitaxial growth process ([Fig. 4i--p](#f4){ref-type="fig"} and [Supplementary Figs 16--20](#S1){ref-type="supplementary-material"}). To the best of our knowledge, this is the first demonstration of 4H Pd and Pt nanostructure formation ([Fig. 4k--m](#f4){ref-type="fig"} and [Supplementary Fig. 18c--e](#S1){ref-type="supplementary-material"}).

Discussion
==========

In summary, a novel metastable phase of Au, that is, 4H Au, has been successfully prepared in high yield via a colloidal synthesis method. The ligand-induced phase transformation of Au NRBs from 4H to *fcc* has been observed under ambient conditions. The simulated and observed EELS spectra on a single Au NRB demonstrate that the optical response of 4H Au is quite different to that of *fcc* Au. With the epitaxial growth of other noble metals (for example, Ag, Pd and Pt) on the Au NRBs, 4H metastable phase of these noble metals can be synthesized. We believe that this series of novel noble metal nanostructures represent an important fundamental progress in chemistry and material science, and our synthesis will open up new opportunities for the controlled synthesis of functional nanomaterials that might have promising plasmonic and catalytic applications.

Methods
=======

Materials
---------

Gold (III) chloride hydrate (HAuCl~4~·aq, ∼50% Au basis), silver nitrate (AgNO~3~, ACS reagent, ≥99.0%), chloroplatinic acid hexahydrate (H~2~PtCl~6~·6H~2~O, ACS reagent, ≥37.5% Pt basis), palladium chloride (PdCl~2~, ≥99.9%), oleylamine (70%, technical grade), 1,2-dichloropropane (99%), 1-dodecanethiol (≥98%), 1-propanethiol (99%), 1,6-hexanedithiol (\>97%), hexane (technical grade), chloroform (≥99.5%) and the other chemicals used in the experiments without special mention were all purchased from Sigma-Aldrich. Concentrated hydrochloric acid (HCl, 37%) and ethanol (99.9%, absolute) were purchased from Merck. Sodium borohydride (NaBH~4~, ≥99.0%) was purchased from Fluka. All the reagents were used as received without further purification.

Synthesis of 4H Au NRBs
-----------------------

In a typical experiment, HAuCl~4~ (4.08 mg) and oleylamine (220 μl) were dissolved in hexane (3.54 ml) and 1,2-dichloropropane (250 μl). The mixture in a closed glass vial was then heated in a water bath at 58 °C for 16 h. After that, the resulting product was collected using centrifugation (5,000 r.p.m., 1 min), washed at least three times with hexane and then re-dispersed into hexane (4 ml). The yield of 4H Au NRBs is estimated to be ∼60% in the final products.

Ligand exchange on 4H Au NRBs
-----------------------------

Typically, a small amount of 4H Au NRB solution (300 μl, in hexane) was centrifuged (5,000 r.p.m., 1 min) and re-dispersed into chloroform (300 μl). Then, a fresh 1-dodecanethiol solution (0.8 M, in chloroform) was added and vortexed for 5 min under ambient conditions. After that, the solution was centrifuged (6,000 r.p.m., 1 min), washed twice with hexane and then re-dispersed in hexane before further characterization. Note that 1-dodecanethiol used here can be replaced by 1-propanethiol or 1,6-hexanedithiol while the other experimental conditions keep same.

Synthesis of 4H/*fcc* Au\@Ag core--shell NRBs
---------------------------------------------

The 4H/*fcc* Au\@Ag NRBs were synthesized through the epitaxial growth of Ag on 4H Au NRBs by using oleylamine as the reducing agent. Typically, 130 μl of oleylamine, 250 μl of AgNO~3~ solution (50 mM, ethanol) and 1.14 ml of hexane were successively added into 0.5 ml of the as-prepared 4H Au NRB solution (in hexane). The mixture in a closed glass vial was then heated in a water bath at 58 °C for 20 h. The resulting product was collected using centrifugation (5,000 r.p.m., 1 min), washed twice with hexane and re-dispersed in hexane (0.5 ml) before further characterization.

Synthesis of 4H/*fcc* Au\@Pd core--shell NRBs
---------------------------------------------

H~2~PdCl~4~ stock solution (8 mM, in ethanol) was first prepared by mixing PdCl~2~ powder with concentrated HCl in ethanol. A small amount of 4H Au NRB solution (250 μl, in hexane) was centrifuged (5,000 r.p.m., 1 min) and re-dispersed into chloroform (250 μl). The 4H/*fcc* Au\@Pd NRBs were synthesized through the epitaxial growth of Pd on 4H Au NRBs by using NaBH~4~ as the reducing agent. Typically, 250 μl of chloroform, 390 μl of ethanol, 50 μl of H~2~PdCl~4~ solution (8 mM, ethanol) and 60 μl of NaBH~4~ solution (20 mM, ethanol) were successively added into 250 μl of the as-prepared 4H Au NRB solution (in chloroform). The mixture was gently shaken and then kept undisturbed at room temperature for 1 h. The product was collected using centrifugation (5,000 r.p.m., 1 min), washed once with hexane and re-dispersed in hexane before further characterization.

Synthesis of 4H/*fcc* Au\@Pt core--shell NRBs
---------------------------------------------

A small amount of 4H Au NRB solution (250 μl, in hexane) was centrifuged (5,000 r.p.m., 1 min) and re-dispersed into chloroform (250 μl). The 4H/*fcc* Au\@Pt NRBs were synthesized through the epitaxial growth of Pt on 4H Au NRBs by using NaBH~4~ as the reducing agent. Typically, 250 μl of chloroform, 340 μl of ethanol, 100 μl of H~2~PtCl~6~ solution (8 mM, in ethanol) and 60 μl of NaBH~4~ solution (20 mM, in ethanol) were successively added into 250 μl of the as-prepared 4H Au NRB solution (in chloroform). The mixture was gently shaken and then kept undisturbed at room temperature for 1 h. The product was collected using centrifugation (5,000 r.p.m., 1 min), washed once with hexane and re-dispersed in hexane before further characterization.

SPR study of single 4H Au NRB
-----------------------------

The monochromated EELS measurement of a single Au NRB was conducted in the STEM mode using an FEI Titan TEM with Schottky electron source operated at 80 kV, using a convergence semiangle of 13 mrad and an EELS collection semiangle of 16 mrad. The diameter of used electron probe was ∼1--2 nm. The energy resolution was set to ∼0.1 eV (as full-width at half-maximum value), using a Wien-type monochromator. EELS spectroscopy and map were collected with a Gatan Tridiem ER EELS detector. EELS was acquired with a modified binned gain averaging acquisition routine[@b46], to give improved signal-to-noise ratio for the relatively weak plasmon signal from few-nanometre-thick material. The background signal was taken from a bare amorphous SiN~*x*~ TEM support membrane, fitted to and subtracted from the experimental EELS plasmon spectra. EELS maps plotted the loss signal integrated over an energy window of 0.05 eV, centred around selected SPR peaks.

DFT computational details
-------------------------

The dielectric function of 4H Au thin film is calculated by first principle calculations on the basis of the optical package of WIEN2k (refs [@b47], [@b48], [@b49]). This package allows us to calculate the dipole matrix elements for transitions between intraband and interbands within the random phase approximation. The spin--orbit interactions are taken into account in all calculations. To increase the accuracy of the optical properties, we used a very high k-mesh of 40 × 40 × 1 for the computation.

FEM simulation
--------------

The swift electron-driven excitation of plasmons in an individual 4H Au NRB was simulated using the FEM in the COMSOL Multiphysics RF module. The Au NRB was modelled as a perfect cuboid with the dimensions extracted from STEM image of the sample (length: 840 nm, width: 20 nm and thickness: 4 nm). The frequency-dependent dielectric function of Au was taken from a handbook[@b44].

The electron beam was modelled in the framework of classical electrodynamics[@b50][@b51] as an infinitely long broadband current *J*~z~(*ω*) propagating in the *z* direction with the radius of 1 nm corresponding to the kinetic energy of 80 keV. In our model, the beam was located at 105 nm (that is, position 'I\'), 210 nm (that is, position 'II\'), 315 nm (that is, position 'III\') and 420 nm (that is, position 'IV\') away from one end of the Au NRB. The surrounding medium was air/vacuum with *ɛ*=1. The 30-nm-thick Si~3~N~4~ substrate was ignored in the simulation set-up.

The electromagnetic field distribution was obtained by solving three-dimensional Maxwell\'s equations in the frequency domain. The power lost by the electron beam in the excitation of wave perturbations with frequency *ω* was calculated as the integral over the beam volume *V*,

where **E**(*ω*) is the calculated distribution of electric field. Finally, the electron loss probability[@b51],

versus photon energy *hω* is compared with the EELS spectrum.

Characterization
----------------

The TEM samples were prepared by directly dropping 5-μl solution of various samples on full carbon-coated copper grids (200 mesh) and then drying under ambient conditions. The aberration-corrected HRTEM images of 4H Au NRB were collected using the negative spherical aberration (*C*~S~) imaging (NCSI) technique on TEAM 0.5, which is an aberration-corrected microscope equipped with a high-brightness Schottky-type field emission gun and a Wien-filter monochromator. The accelerating voltage was 80 kV. The lens aberrations were measured and compensated before the image acquisition by evaluating the Zemlin tableau of an amorphous carbon area on the grid, which is close to the area of interest in the specimen. According to the measurements, the residual lens aberrations were listed below *C*~S~∼−13 μm, twofold astigmatism *A*1\<2 nm, threefold astigmatism *A*2\<40 nm, axis coma *B*2\<30 nm. TEM and the other HRTEM images, SAED patterns and the HAADF-STEM-EDS data were taken on a JEOL JEM-2100F TEM operated at 200 kV. The AFM images were collected on an atomic force microscope (Dimension 3100, Veeco, USA). The X-ray photoelectron spectroscopy data were collected with a Theta Probe electron spectrometer (ESCA-Lab-200i-XL, Thermo Scientific). The X-ray diffraction patterns were obtained on an X-ray diffractometer (Shimadzu, XRD-6000) operated at 40 kV and 30 mA. The X-ray diffraction samples were prepared by dropping the sample solution on the glass substrate and then drying under ambient conditions.
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![TEM analysis and crystal models of 4H Au NRBs.\
(**a**) A typical TEM image of 4H Au NRBs (scale bar, 100 nm). (**b**,**c**) TEM image (scale bar, 100 nm) and the corresponding SAED pattern taken along the \[110\]~4H~ zone axis of a typical Au NRB. (**d**,**e**) Aberration-corrected HRTEM images taken in the centre and at the edge of an Au NRB, respectively (scale bars, 1 nm). (**f**) Schematic illustration of a unit cell of 4H Au. The simulated unit cell parameters are *a*=2.866 Å and *c*=9.662 Å. (**g**) Crystallographic models illustrating the top view (top panel) and side view (bottom panel) of a typical 4H Au NRB. The close-packed planes along the \[001\]~4H~ direction show a characteristic stacking sequence of 'ABCB\'.](ncomms8684-f1){#f1}

![The ligand exchange-induced phase transformation of Au NRBs.\
(**a**) A typical TEM image of an Au NRB after the ligand exchange (scale bar, 50 nm). (**b**) The corresponding SAED pattern of the region inside the dashed rectangle in **a**, showing the *fcc* structure oriented along the \[001\]~f~ zone axis. (**c**) SAED pattern of the \[013\]~f~ zone axis was taken by tilting the Au NRB around the \[200\]~f~ zone axis by 18.2° with respect to the \[001\]~f~ zone axis. (**d**--**f**) HRTEM images taken from the centre, edge and end of the marked region in **a**, respectively (scale bars, 2 nm). (**g**) Schematic illustration of the ligand-induced phase change of Au NRB.](ncomms8684-f2){#f2}

![SPR analysis of single 4H Au NRB.\
(**a**) Schematic illustration of monochromated EELS measurement on a single Au NRB. The focused electron beam is located next to the Au NRB to excite and measure its SPR. (**b**) EELS spectra acquired from an individual Au NRB excited at the positions indicated in the STEM image shown in **g**. (**c**,**d**) DFT-calculated dielectric function of 4H Au thin film with the limitation of 4 nm in its *y* direction. (**e**) Calculated EELS spectra of a 4H Au NRB based on dielectric function in **c**,**d** using the FEM with an electron beam. Inset: the theoretical model of an individual Au NRB, in which the excitation positions are marked. (**f**) Calculated EELS spectra of an *fcc* Au NRB with dielectric function taken from Palik at the same excitation positions as **e**. (**g**,**h**) HAADF-STEM image of single Au NRB (scale bar, 200 nm) and its corresponding EELS maps at different energy loss.](ncomms8684-f3){#f3}

![TEM analysis of bimetallic 4H/*fcc* Au\@Ag and Au\@Pd NRBs.\
(**a**) Bright-field TEM image of a typical Au\@Ag NRB (scale bar, 200 nm). (**b**) Magnified TEM image of an Au\@Ag NRB (scale bar, 10 nm). (**c**) A typical SAED pattern of an Au\@Ag NRB taken along the \[110\]~4H~/\[101\]~f~ zone axes. (**d**,**e**) HRTEM images of an Au\@Ag NRB taken in the centre and at the edge, respectively (scale bars, 2 nm). (**f**) HAADF-STEM image (scale bar, 100 nm) and (**g**,**h**) the corresponding STEM-EDS elemental mappings of a typical Au\@Ag NRB. (**i**) A typical bright-field TEM image of an Au\@Pd NRB (scale bar, 50 nm). (**j**) Magnified TEM image of a typical Au\@Pd NRB (scale bar, 20 nm). (**k**) SAED pattern of a typical Au\@Pd NRB collected along the \[110\]~4H~/\[101\]~f~ zone axes. (**l**,**m**) HRTEM images of an Au\@Pd NRB taken in the centre and at the edge, respectively (scale bars, 2 nm). (**n**) HAADF-STEM image (scale bar, 50 nm) and (**o**,**p**) the corresponding STEM-EDS elemental mappings of a typical Au\@Pd NRB.](ncomms8684-f4){#f4}
